Introduction
Renal failure is a frequent complication of multiple myeloma and can be elicited by various factors such as infections, non-steroidal anti-inflammatory drugs, nephrotoxic antibiotics, iodinated contrast media, hypercalcemia, tumor lysis syndrome, myeloma cell infiltration of the kidney, renal vein or artery thrombosis and, frequently, by clonotypic light chains. Renal impairment induced by dehydration, hypercalcemia, anti-inflammatory drugs and infections is often less severe and usually reversible. 1 This is in contrast to several forms of light chain-induced renal injuries such as glomerular and vascular amyloidosis, light chain deposit disease, light chain proximal tubulopathy with/without Fanconi syndrome, or cast nephropathy, which is the most frequent sequel of kidney-pathogenic light chains and typically associated with much faster deterioration of renal function. 2 In cast nephropathy excessive glomerular filtration of free light chains saturates the clearance mechanism of the proximal tubule 3 and the resulting overflow of light chains into the distal tubule precipitates with Tamm-Horsefall protein, particularly in the case of high binding affinity of both protein types 4 and altered osmolality. This process results in tubular damage and interstitial inflammation. 5 Light chain-induced acute kidney impairment may be the salient symptom leading to diagnosis of myeloma or, more frequently, a consequence of progressive disease in patients with an established diagnosis. The occurrence of this complication has substantial impact on the prognosis with a significantly higher risk of life-threatening infections and mortality. In fact, recent surveys from Ireland 6 and the UK 7 showed that survival of myeloma patients requiring dialysis during the first weeks after diagnosis of multiple myeloma is in the range of 6 to 11 months and has not improved substantially during recent years despite the availability of novel drugs. In patients with less severe renal impairment survival has improved, but highly active anti-myeloma therapy is required to exploit the window of opportunity for reversing renal function. 8 Here we evaluate lenalidomide-dexamethasone as treatment for patients with acute light chain-induced renal failure. The primary objectives of the study were to determine the rates of recovery of renal function and myeloma response. Progression-free survival, overall survival and toxicity were evaluated as secondary goals.
Methods
Thirty-five patients with acute light chain-induced renal failure were enrolled. The diagnosis was established by documentation of light chain proteinuria and urine electrophoresis patterns typical of cast nephropathy 9 in conjunction with increased or increasing serum levels of free light chains, highly abnormal free light chain ratio, pro- We prospectively evaluated the activity and tolerance of lenalidomide-dexamethasone in 35 patients with acute light chain-induced renal failure. The lenalidomide dose was adapted to the estimated glomerular filtration rate and dexamethasone was given at high dose in cycle one and at low dose thereafter. Four patients died within the first two cycles, and five discontinued therapy leaving 26 patients for the per-protocol analysis. Responses were observed in 24/35 (68.6%) patients of the intent-to-treat population. Complete response was noted in seven patients (20%), very good partial response in three patients (8.6%), partial response in 14 patients (40%), and minimal response in one patient (2.9%). Renal response was observed in 16 (45.7%) patients: five (14.2%) achieved complete, four (11.4%) partial and seven (20%) minor renal responses. Five of 13 patients who were dialysis dependent at baseline became dialysis independent. The median time to myeloma and to renal response was 28 days for both parameters, while the median time to best myeloma and best renal response was 92 and 157 days, respectively. The median estimated glomerular filtration rate increased significantly in patients with partial response or better from 17.1 mL/min at baseline to 39.1 mL/min at best response (P=0.001). The median progression-free and overall survival was 5.5 and 21.8 months, respectively, in the intent-to-treat population and 12.1 and 31.4 months, respectively, in the per-protocol group. Infections, cardiotoxicity, anemia and thrombocytopenia were the most frequent toxicities. In conclusion, the lenalidomide-dexamethasone regimen achieved rapid and substantial myeloma and renal responses. The trial was registered under EUDRACT number 2008-006497-15.
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Lenalidomide and dexamethasone for acute light chain-induced renal failure: a phase II study Heinz mL/min and a serum creatinine ≥2.0 mg/dL, and light chaininduced renal injury as the underlying cause of renal impairment while the latter group had to have had documented eGFR ≥60 mL/min and serum creatinine ≤1.2 mg/dL within 6 weeks before deterioration of eGFR to <50 mL/min and of creatinine to ≥2.0 mg/dL due to light chain-induced kidney injury. According to a recent recommendation for cancer patients, 10 eGFR was estimated using the Cockcroft-Gault formula.
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A total of nine cycles of lenalidomide and dexamethasone were planned. Lenalidomide was administered from day 1-21 of each 28-day cycle with dose adaptation according to eGFR (eGFR 30-50 mL/min: 10 mg/day; eGFR <30 mL/min without requiring dialysis: 15 mg/48 h; eGFR <30 mL/min requiring dialysis: 5 mg daily following each dialysis). Dexamethasone was administered at a dose of 40 mg on days 1-4, 9-12 and 17-21 during the first cycle and thereafter at a dose of 40 mg once weekly. Treatment after the end of the nine cycles was not predefined and was left to the discretion of the individual investigator.
Renal response was defined as complete (CR renal , with an eGFR ≥60 mL/min), partial (PR renal with an eGFR increase >100%, from <15 mL/min to 30-<60 mL/min), or minor (MR renal with an eGFR increase >50%, either from <15 mL/min to 15-<30 mL/min or from 15-<30 mL/min to 30-<60 mL/min), as previously described. 12, 13 Myeloma response was assessed according to the International Uniform Response Criteria for Multiple Myeloma 14 and defined as complete (CR), very good partial (VGPR), and partial (PR) with the addition of a minor response (MR). 15 The sample size was calculated based on the assumption that the lenalidomide-dexamethasone combination would show substantial activity and induce reversal of renal impairment in ≥50% of patients at the end of the therapy. Assuming the rate of reversal with other, conventional therapies to be 20%, by accrual of 50 eligible patients, the predicted rate of reversal of renal failure would be verified with a power of 95% and significance level of 5% by a two-sided, one-grouped chi square test.
Response rates, progression-free survival, overall survival and toxicities were calculated by intent-to-treat analysis, but progression-free and overall survival were also investigated in the patients treated pre-protocol and the kinetics of the eGFR and 24-hour proteinuria were studied in the group with a myeloma response. Overall survival and progression-free survival were estimated by the product limit method. 16 Due to the limited sample size multivariate analysis could not be performed. The Kruskal-Wallis test 17 was used to compare groups of patients. The level of statistical significance for all analyses was set at 0.05 and all values reported are two-sided. SPSS, version 17 was used for all analyses.
The following risk factors were tested for possible correlations with myeloma and renal responses (CR renal , ≥PR renal ), progressionfree survival and overall survival in univariate analyses: age >65 years, International Staging System stage III, Eastern Cooperative Oncology Group score <2, β-2 microglobulin >5.5 mg/mL, albumin <3.5 g/L, hemoglobin <8.0 g/dL, lactate dehydrogenase >226 U/L, calcium >2.24 mmol/L, C-reactive protein >5 mg/L, C-reactive protein >13.2 mg/L, eGFR <15 mL/min, eGFR <30 mL/min, dialysis, baseline platelets <150x10 9 /L, cytogenetic risk factors [t(4;14) ± del 17p] and 1q21 ± t(4;14) ± del 17p, reduction of baseline involved free light chains >95%.
Adverse events were graded according to the Common Terminology Criteria for Adverse Events version 3.0, of the National Cancer Institute. 18 Patients were enrolled by eight participating centers in Austria, Germany and the Czech Republic between July 2009 and January 2013, and were followed until April 2014. All patients gave written informed consent before entering the study, which was conducted in accordance with the Declaration of Helsinki of 1975, as revised in 2008. The study was approved by the ethical committees responsible for all participating study centers and was registered under EUDRACT number 2008-006497-15.
Results
The patients' characteristics are shown in Table 1 and the patients' flow through the trial is depicted in the consort diagram (Figure 1 ). The trial was discontinued after inclusion of 35 patients because of slow enrollment. The 35 patients comprise the intent-to-treat population (ITT). Four of these patients died within the first two cycles of treatment and five discontinued therapy (3 due to adverse events, 1 due to progressive disease and 1 withdrew consent), leaving 26 patients for the per protocol (PP) analysis. After a median follow up of 17.7 months, myeloma response to therapy was noted in 24/35 (68.6%) of the ITT population. Seven patients (20%) had a CR, three (8.6%) had a VGPR, 14 (40%) had a PR, and one (2.9%) had a MR. The median time to first myeloma response was 28 days, and time to best myeloma response was 92 days. The median baseline concentration of involved free light chains in the ITT population was 5,465 mg/L (range, 147-42,700 mg/L) and 8,350 mg/L (range, 234-35,500 respectively. The median time to a renal response was 28 days and the median time to best renal response was 157 days. The median eGFR increased significantly in patients with ≥PR from 17.1 mL/min at baseline to 39.1 mL/min at best response (P<0.001), and from 23.7 mL/min to 26.0 mL/min in patients with ≤MR in the ITT population (P=0.469) ( Figure 2B ). The corresponding figures in the PP group were 17.1 mL/min and 39.1 mL/min in patients with ≥PR (P<0.001), and 14.85 mL/min and 18.65 mL/min, respectively, in those with ≤MR ( Figure 2C ).
Twenty-four-hour proteinuria in the PP group at baseline was lower, albeit not significantly so (P=0.052), in patients with subsequent myeloma response than in nonresponders [3,371 mg/24 h (410-13,872 mg/24 h) versus 8,173 mg/24 h (6,374-9,972 mg/24 h)] ( Figure 2D ). The protein excretion decreased substantially during the first treatment cycle in both groups, but the decline was more pronounced in patients with a myeloma response, both at day 28 Median progression-free survival and overall survival were 5.5 and 21.8 months, respectively, in the ITT group and 12.1 and 31.4 months, respectively, in the PP group (Figure 3) .
Univariate analysis in the ITT group revealed significant correlations between myeloma response (≥PR) and renal response (P<0.017), age >65 years (P<0.01), lactate dehydrogenase (P<0.044), progression-free survival (P<0.004), and overall survival (P<0.014). Renal response was, in addition, associated with progression-free survival (P<0.01), and overall survival (P<0.048), and expectedly with >95% reduction in levels of involved free light chains (P<0.036, Table 2 ). High C-reactive protein levels (>13.2 mg/L) were associated with shorter overall survival (P<0.045), and Eastern Cooperative Oncology Group status ≤1 correlated with progression-free survival (P<0.029). Of the four patients who died during the first two cycles of treatment, three died within cycle 1. Two of them died of heart failure, which likely was a consequence of the cardiotoxicity of high-dose dexamethasone, and one of cerebral bleeding. Overall, 23 patients died, 14 (40%) due to progressive disease, three each due to infection (n=3, 9%), cardiac toxicity (n=3, 9%) or complications of the disease or therapy (n=3, 9%). Grade 3/4 anemia was the most frequent hematologic toxicity, occurring in 15 (43%) patients, followed by thrombocytopenia in eight (23%) patients and neutropenia in five (15%). Other non-hematologic adverse events consisted mainly of grade 3/4 infection in 13 (38%) patients followed by cardiac toxicity in four (11%) patients. Grade 3 diarrhea and vomiting were noted in one (3%) patient each.
Discussion
Acute light chain-induced renal failure usually presents as cast nephropathy 19 and is a medical emergency in multiple myeloma, necessitating fast diagnostic work up and rapid initiation of effective therapy. 20 Here we show that lenalidomide-dexamethasone administered with highdose dexamethasone during the first cycle and thereafter at a reduced once weekly dose exerted substantial activity and induced an overall myeloma response rate of 68.6% in the ITT population with 20% achieving CR and 8.6% VGPR. Importantly, a myeloma response was achieved after 1 month of therapy, and the best myeloma response, after 3 months of therapy. The median serum levels of involved free light chains decreased by >99% from 6,303 mg/L to 42,85 mg/L in patients with ≥VGPR, creating the
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haematologica | 2015; 100(3) , respectively). First renal response occurred concomitantly with first myeloma response, but the best renal response was reached 2 months after the best myeloma response. Comparison of these data with those from our previous phase 2 trial 12 employing a triple regimen of bortezomib plus doxorubicin plus dexamethasone revealed a similar overall myeloma response rate, but the rates of CR/nearCR (38%) and renal response (62%) were higher with the triple combination. Nevertheless, the lenalidomide-dexamethasone regimen employed in the present study resulted in a significant increase in eGFR from 17.1 mL/min at baseline to 39.1 mL/min at best response in patients in the PP group achieving ≥PR. Patients with a renal response had marked decreases in involved circulating light chains and in 24-h urine proteinuria, the latter reaching normal levels in all responding patients. Leung et al. previously showed that in cases with cast nephropathy the overwhelming amount of secreted protein is Bence-Jones protein with less than 7% being due to albumin. 9 A significant reduction in 24-h proteinuria was also seen in the five patients who came off hemodialysis but this was also true for five of the eight patients who needed chronic kidney replacement therapy in spite of a significant decrease in pathogenic light chains. The latter finding highlights the need for early diagnosis and effective therapy in order to prevent irreversible kidney damage as the chance of reversing renal impairment seems to decrease with increasing duration of the complication, with 3 weeks having been mentioned as an approximate, critical time point for no return of renal function. 22 The importance of a significant myeloma response as a prerequisite for a renal response is also substantiated by results from the univariate analysis which revealed a statistically significant correlation between myeloma response and renal response (P<0.017). Renal response also correlated with progression-free survival (P<0.01) and overall survival (P<0.048) a finding which may be expected 23 but which has not been uniformly observed in other studies. 24 Such correlations likely depend on the nature and severity of the underlying renal disease and on other patients' characteristics as well as on the treatment employed.
Several studies have assessed the role of treatment combinations based on bortezomib, thalidomide, and lenalidomide in newly diagnosed young and elderly patients as well as in those with relapsed/refractory disease [25] [26] [27] [28] [29] [30] [31] with different degrees of renal impairment.
Almost all of these studies were post hoc, retrospective analyses, usually not discriminating between renal pathologies caused by light chains, and other much more frequent and trivial causes, such as hypovolemia, infection, nephrotoxic drugs, and contrast media, which are mostly rapidly reversible. 32 In these studies no attempts were made to rule out hypertension-associated glomerular sclerosis or to perform a renal biopsy in cases with uncertain causes of renal impairment.
Results of large clinical trials show improvement of renal function particularly with bortezomib-based regimens. In the VISTA trial, a CR renal was achieved in 37% of patients with eGFR <30 mL/min who were treated with bortezomib, melphalan and prednisone and in 7% of those treated with melphalan and prednisone. 26 In the more recent HOVON/95 -GMMG-HD4 trial, more patients with baseline creatinine level of ≥2 mg/mL achieved a renal response with bortezomib, adriamycin and dexamethasone (PAD) induction therapy compared to those receiving vincristine, adriamycin and dexamethasone (VAD) induction therapy (81% versus 63%; P=0.31). 25 Overall survival at 3 years was similar in patients with and without increased creatinine levels in the PAD-treated patients (74% versus 79%; P=0.68) but was clearly inferior in patients with renal impairment treated with VAD (34% in those with creatinine ≥2 mg/mL versus 76% in patients with creatinine <2 mg/mL, P<0.001, across all groups) showing higher efficacy of the bortezomib-based regimen in overcoming the negative impact of decreased renal function. Of note, screening in both trials took longer than in our study, thus excluding patients with renal emergencies and requirement for immediate initiation of therapy . 33 When interpreting these findings it should be kept in mind that lenalidomide-treated patients were significantly older than patients treated with bortezomib-based therapy (76 versus 65 years), which per se is associated with lower GFR and mandates less aggressive therapy, limitations that likely contributed to the differences in outcome. Nonetheless, when treatment has to be selected for patients not participating in clinical trials a three-drug combination including bortezomib, an immunomodulatory drug or another suitable active substance and dexamethasone seems to be an optimal choice, if the patient is fit enough to tolerate such a regimen. When feasible, high-dose dexamethasone should be used during the first cycle in order to maximize the reduction of pathogenic light chains but infectious prophylaxis and careful monitoring of the patient are essential in order to be able to intervene immediately in the case of imminent or actual complications. Lenalidomide-dexamethasone may be a particularly suitable option in patients with severe preexisting neuropathy and in those in whom bortezomibbased regimens have failed. Although not formally tested in a prospective trial, addition of cyclophosphamide or another suitable third drug may be considered in fit patients with the aforementioned conditions.
We consider the prospective nature and the careful monitoring of our patients as strengths of this trial. The inability to obtain a kidney biopsy in every patient but only in 43% of patients may be seen as limitation although full-blown cast nephropathy can be reliably diagnosed by careful clinical and laboratory investigation. 9 The limited number of patients may be considered as a further weakness but the data provide the proof of principle that lenalidomide, at a dose adjusted according to renal function, can safely be given to patients with severe renal failure and results in very rapid clearance of involved free light chains when combined with high-dose dexamethasone in the first cycle of treatment. This combination can be associated with clinically relevant toxicity, particularly in patients with higher baseline C-reactive protein levels, more aggressive disease, as indicated by higher lactate dehydrogenase levels, and higher age. Patients with acute renal impairment pose a dilemma as high-dose dexamethasone is required to enhance the anti-myeloma effect and possibly also to suppress, non-specifically, immunoglobulin production, but this puts them at greater risk of side effects. Presently, it remains unclear whether lower doses, such as 20 mg, would be similarly effective with lower toxicity. 1 Infections were the most frequent and severe non-hematologic toxicity and associated with a fatal outcome in six patients. This problem is well recognized in myeloma patients with renal impairment and is a major contributor to shortened survival, 34 which was also seen in our cohort of patients. Dexamethasone, particularly at higher doses, is also cardiotoxic and this was recognized in this study too with three cardiac deaths and four cases of grade 3/4 toxicity. Other non-hematotoxic side effects were rare.
In conclusion, the combination of lenalidomide plus high-dose dexamethasone results in a rapid reduction of pathogenic lights chains with a greater than 95% reduction of involved free light chains within the first cycle of treatment. The overall myeloma response rate was 68.6% and renal responses were noted in 45.7% of patients with light chain-induced acute renal failure. Elderly patients with ongoing inflammation and/or infection were at greater risk of dexamethasone-related side effects, whereas lenalidomide-induced hematologic toxicity was readily manageable. 
